Abstract: The U.S.A. initially established regulations for the management of sewage sludge in 1979 and updated them in 1993. They were designed to protect human health by minimizing the contact of humans with pathogenic microorganisms. Processes like pasteurization are employed to reduce pathogens below their analytical detection limits, while processes like anaerobic digestion are combined with requirements for organic matter reduction and access restrictions. Issues with the present disinfection alternatives such as their only being concerned with the presence or absence of certain pathogens like enteric viruses or Ascaris sp. are discussed and remedies suggested. Similarly, several of the current options for measuring vector attractiveness (stability) such as volatile solids reduction are in need of improvement. Work is underway to evaluate bacterial enzymatic activity and biochemical oxygen demand as possible measures of vector attractiveness. Innovative and alternative methods for disinfection are frequently proposed and it is important to understand how the stressors employed by the process contribute to its reduction of pathogenic bacteria, viruses, protozoa and parasites.
TECHNOLOGIES FOR DISINFECTING SLUDGE
While wastewaters are cleansed with treatment, any pathogenic microorganisms present are largely concentrated in the sludge. If that sludge is to be beneficially used on land and possibly come in contact with humans, it must be disinfected to protect the public health. To accomplish this task, the U.S. Environmental Protection Agency (EPA) established a rule that put multiple barriers in place (USEPA, 1979) .
The commonly employed disinfection Processes to Significantly Reduce Pathogens (PSRP) are anaerobic digestion, aerobic digestion and lime stabilization and those to Further Reduce Pathogens (PFRP) are heat drying, composting, and pasteurization. Details of how these processes must be operated are provided in the literature (USEPA, 2003) . The intent of PFRP processes is to reduce pathogenic organisms to below their analytical detection limits, while that of the PSRP processes is only to partially reduce the number of pathogens. Both PSRP and PFRP processes are required to minimize the sludge's attractiveness to vectors like flies, birds, etc. by either reducing the volatile sludge solids by > 38% or temporarily stopping putrefaction with the addition of a chemical like lime. Since pathogens are likely to still be present with the employment of PSRP processes it is essential that time be allowed for the sludge once land applied to undergo further pathogen reduction by natural attenuation. Thus public access, crop harvesting and grazing restrictions are applied (USEPA, 2003) .
Rule improvement
This 1993 Rule added alternatives for achieving disinfection and divided all the alternatives into Class A or Class B; separated out from the PSRP and PFRP descriptions the parts dealing with vector attractiveness; and established acceptable levels of pathogenic and/or indicator organisms for treated sludge intended for beneficial use (biosolids) (USEPA, 1993) . The requirements for sludge to be Class A with respect to pathogens can be met with any one of six alternatives. Common to every alternative is the necessity that the density of Salmonella species be reduced to less than three MPN per four grams of dry sludge solids or the fecal coliforms be less than 1000 MPN per gram of dry sludge solids. Since levels of fecal coliforms in the untreated sludge often approach 108, it is expected that there will be at least a five log reduction. The alternatives are:
• Alternative 1. Time (D-days) and temperature (t-∞C) are related by the equation: D= 31,700,000/100.14t or 50,070,000/100.14t. The first equation applies when the total solids are > 7%; t > 50ºC and time is > 20 minutes. If the sludge particles are small and are heated by warmed gases or an immiscible liquid, the minimum time is 15 seconds. This equation also applies when the solids < 7%, t > 50ºC and time is > 15 sec to < 30 min. The second equation applies for total solids < 7%; t > 50ºC and D > 30 minutes. These requirements were established from FDA requirements for eggnog, data from German sources, and other data collected during composting experiments in the U.S.A. (USEPA, 1992) . Many facilities approach Alternative 1 without realizing that it was derived from experience with fluids. In fluids, as opposed to dewatered sludges, it is not difficult to insure that all particles meet the requirements for time and temperature. In general these processes are limited to batch or plug flow reactors rather than continuous flow reactors. It is critical that these sludge treatment processes are completed without short circuiting occurring.
• Alternative 2. This alternative is based on disinfection research done by the N-Viro Energy Systems, Inc. in the late 1980s (USEPA, 2003) . The pH is raised to above 12 for greater than 72 hours, the temperature is above 52°C, and, after the 72 hours, the treated sludge is air-dried to 50% solids or greater.
• Alternatives 3 and 4 are only useful when substantial numbers of enteric viruses and helminth ova are present in the raw sludge, an unlikely event, and monitoring is done to measure the effectiveness of the treatment process. In the future these two alternatives will likely be removed from the regulation.
• Alternative 5. The sludge is treated by a PFRP. As already noted, the three processes most frequently used are composting, pasteurization, and heat drying. With composting it is critical that all parts of the sludge pass through a zone where they can be held for no less than 3 days at 55ºC and then be removed without contamination. Pasteurization for sludge means holding its temperature at 70ºC or above for at least 30 minutes. Achieving these results by mixing a powder, quicklime (or similar reagent), with semisolid material, sludge, is not by any means easy. Some minimal level of moisture is necessary.
• Alternative 6. The sludge is treated by a process equivalent to a PFRP. Some technologies found to be equivalent are: two-stage (a thermophilic aerobic digester followed by a mesophilic anaerobic digester) sludge stabilization; autothermal thermophilic aerobic digestion; two-phase thermo-meso anaerobic digestion; OxyOzonation (USEPA, 2003) Requirements for sludge to be Class B with respect to pathogens are met by employing one of the following three alternatives:
• Alternative 1. The geometric mean fecal coliform density (either MPN or CFU per gram of dry sludge solids) of seven samples shall be less than 2,000,000. Here, since levels of fecal coliforms in the untreated sludge often approach 10 8 , at least a two log reduction was expected.
• Alternative 2. The sludge is treated by a PSRP. The commonly employed processes are: aerobic digestion, air drying, anaerobic digestion, composting (less stringent thermal requirements than the PFRP), and lime stabilization (USEPA, 2003).
• Alternative 3. Sludge is treated by a process equivalent to a PSRP. Table 1 : broadly shows EPA's requirements for demonstrating equivalency of an innovative or alternative technology to a PSRP or PFRP. EPA must in addition be able to understand how the proposed technology acts to disinfect and know what the key process control parameters are. To demonstrate adequate pathogen destruction, the untreated sludge must contain adequate numbers of organisms. For example, to demonstrate PFRP equivalency the untreated sludge needs to contain at least 1,000 PFU of enteric viruses /4 g TS (dry weight basis); and 100 viable Ascaris spp. ova/4 g TS. If the untreated sludge does not naturally contain these density levels, the applicant must spike it to achieve these levels. Similarly there have been difficulties associated with using the reduction of a few organisms to demonstrate adequate disinfection for protection of public health. In recent testing at the University of North Carolina it was found that Ascaris sp., considered by many investigators to be the most difficult organism to kill, could be killed at 53°C in as little a time as 30 minutes, although large numbers of fecal coliforms continued to exist (Aitken et.al., 2005) . It is increasingly apparent that for disinfection technology to perform adequately it must impose multiple stressors that result in several logs of destruction for organisms including bacteria, viruses, worms, and protozoa. Stressors operating with various sludge disinfection technologies are shown in Table 2 . Table 2 : Disinfection processes and some stressors influencing their effectiveness
Development of innovative and alternative technologies
The decay of pathogen density with temperature is known to follow first order kinetics with time. Stern and Farrell (1977) stored digested primary sludge at temperatures of 4ºC and 20ºC for 24 weeks. At 4ºC in six months fecal coliform densities dropped almost 5 logs, Salmonellae dropped 2 logs, and enteroviruses fell about 0.5 log. At 20ºC densities of these microorganisms fell much more rapidly. Fecal coliform densities dropped 3 logs in eight weeks, and Salmonellae and enteroviruses fell more than 2 logs. Elevating the pH above 12 and keeping it elevated for 2 hours is the basis of the lime stabilization process (USEPA, 2003) . This process eliminates viruses and pathogenic bacteria. At this elevated pH, too, ammonia is liberated from sludge and very effective at killing microorganisms. Ammonia as an uncharged molecule is capable of permeating microbial cellular membranes and therefore enhancing pathogen kills. Desiccation alone requires drying to 95% solids to inactivate helminth eggs. Irradiation (Gamma or electron beam) directly damages the DNA of living organisms inducing cross-linkages and other changes that make an organism unable to grow or reproduce. When these rays interact with water molecules in an organism, they generate transient free radicals that can cause additional indirect damage to DNA.
Case studies of new disinfection approaches
BIOSET This is an alkaline disinfection process, and its primary stressors are pH, ammonia, exposure time, temperature and pressure (Fitzmorris et. al., 2004) . The process comprises mixing dewatered sludge or septage with a solids content ranging from 6% to 35%, calcium oxide, and sulfamic acid with a screw mixer, transferring the mixture into a continuous plug flow closed container reactor, and discharging.
Significant heat is produced as calcium oxide, quicklime, is added at a level of 40-50% dry weight to dewatered sludge. The calcium hydroxide, produced from this reaction, reacts with the sulfamic acid to produce even more heat. Since the calcium oxide to sulfamic acid ratio is approximately 100:1, the pH of the product material is 12 to 12.3. With the reactor under a pressure of greater than 41 Pa (6 psi) and the sludge at a high pH level and temperature, ammonia contained within the biosolids is released and permeates thoroughly throughout the sludge to further enhance pathogen destruction.
Testing was carried-out to learn the disinfection capabilities of the BIOSET system at lower temperatures than those required by regulation, e.g. 70°C for 30 minutes. Test runs were performed on aerobically digested (Kingwood, Texas), raw (Morgan City, Louisiana), and anaerobically digested (Sulphur, Louisiana) sludges at temperatures ranging from 40oC to 55oC. Untreated sludge cakes were spiked with Ascaris eggs and added directly into the hopper at the beginning of the system. Test results are shown in Table 3 . Note that the Kingwood reactor operated at 207 Pa (30 pounds) of pressure and 55oC achieved a 100% kill of the Ascaris was achieved in the third run. The first two runs were at 45oC (69.9% kill) and 46oC (89.7% kill), respectively. The main difference among them was the ammonia content. Table 3 Ascaris inactivation as a function of temperature, time,% ammonia and pressure Two poliovirus spike runs were also performed at the Kingwood plant, and the results indicated at temperatures as low as 52oC, the BIOSET process eliminated them. EPA believes that the Kingwood, Texas facility is operating as a PFRP equivalent process when the sludge is held at a temperature of 55°C or greater for a minimum of 25 minutes; solids content of the sludge being treated is in the range of 6% to 35%; ammonia content in the reactor is 1% (10,000 mg/L) on a volume basis; pressure in the reactor is 30 psi; and the pH is greater than 12.
BioChem Resources' Neutralizer ® Process The Neutralizer ® process is an acid-oxidative one that treats sludge with chlorine dioxide at an initial dose rate of 50-150 mg/L for two hours (Riemers et. al., 2006) . This partially disinfects and raises the ORP of the sludge to greater than 100 mV. It is then acidified to a pH of 2.2-3.0, and sodium nitrite is added. Nitrite (under the specified conditions of pH 2.2-3.0, ORP > 100 mV, and a contact time of 2 hours) forms 1800 mg/l of noncharged nitrous acid, which is able to penetrate the shell of the helminth ova. The stress of chlorine dioxide, pH, nitrous acid, and a pressure of 0-103 Pa (0-15 psig) all work together to completely disinfect the sludge.
Testing was conducted on three sludge types; aerobically digested from Kenner, Louisiana, anaerobically digested from Lafayette, Louisiana and raw from New Orleans. Sludges ranged from 1.3 to 7.6% solids. Log reductions of pathogens achieved are shown in Table 4 .
Table 4
Reduction of pathogen levels in the sludges by the Neutralizer ® process Two-phase anaerobic digestion ID 2PAD ™ system EPA ultimately recommended this process, shown in Figure 1 , as equivalent to a PFRP one when "Sewage sludge is treated in the absence of air in an acidogenic thermophilic reactor and a mesophilic methanogenic reactor connected in series. The mean cell residence time shall be at least 2.1 days (± 0.05 d) in the acidogenic thermophilic reactor followed by 10.5 days (± 0.3 d) in the mesophilic methanogenic reactor. Feeding of each digester shall be intermittent and occurring no ™ system more than 4 times per day (no less than every 6 hours). The mesophilic methanogenic reactor shall be fed in priority from the acidogenic thermophilic reactor. Between two consecutive feedings temperature inside the acidogenic thermophilic reactor should be between 49oC and 60oC with 55oC maintained during at least 3 hours. Temperature inside the mesophilic methanogenic reactor shall be constant and at least 37oC (USEPA, 2003) ." Lyonnaise des Eaux did pilot scale testing of its process at Indianapolis, IN's Belmont Wastewater Treatment Plant using a blend of 60 percent (by vol.) thickened primary sludge and 40 percent (by vol.) thickened waste activated sludge. Performance is shown in Table 5 (Huyard et. al., 2000) . Significant pathogen reduction resulted from the combination of a short detention time with thermophilic temperatures and enhanced the growth of acidogenic bacteria resulting in high levels of volatile fatty acids, free ammonia and low pH. Additional pathogen removal occurred in the methanogenic-mesophilic digester with the longer detention time and contact with ammonia, residual volatile acids and other chemicals. Emerging technologies US Filter's J-VAP process operates like a traditional filter press process, which dewaters the municipal sludge to a final filter cake at 20 to 30% total solids by weight. However, in addition to the stress of solids concentration, the J-Vap ® process incorporates two innovative components/stressors: vacuum and heat, transforming the process into a heat drying one. The combination of applied vacuum and heat enhances and expedites this drying process into an innovative vacuum heat drying disinfection process.
Vermicomposting is the process by which organic material is fed to earthworms in a controlled environment with the purpose of producing vermicast, and in some cases, more worms. The mechanism for earthworms to kill pathogens or render them inactive appears to be through the process of digestion and the production of enzymes. The enzymes seem effective both in the gut of the worm and extra corporeal. Some work was done on a large scale in Australia indicating that the earthworm is able to kill pathogenic bacteria, viruses, and helminth ova (Lotzof, 2001 ). In the U.S.A. a small full scale installation is operating at Granville, PA and another is planned by Vermitech. PFRP equivalency has not yet been demonstrated. Magna Management of Houston, Texas is proposing to use a fumigant, approved by the EPA for use with sludges to produce Class A biosolids. They describe their process as follows: "..the MagnaGro process, sewage sludge with a temperature equal to or greater than 15°C and with percent solids equal to or greater than four percent but equal to or less than 30 percent are placed in a closed batch reactor. Rid-A-Vec, a liquid fumigant, is then added to the reactor. The sewage sludge and the fumigant are mixed in the reactor to achieve complete mixing of all materials. After the mixing period, the mixture remains in a closed container for a period of time during which methyl isothiocyanate (MITC), a vapor generated when Rid-A-Vec reacts with water, reduces the densities of the pathogens. After the treatment time, the mixture is exposed to the atmosphere for a period of time to allow MITC to dissipate. This ensures that the treated sewage sludge is not toxic to plants grown on sites where the treated sewage sludge is land-applied." A is presently reviewing data from laboratory scale studies and has requested some pilot scale work.
Vector attraction reduction and stability The U.S.A.'s requirements currently only regulate vector attraction reduction and, broadly speaking, do it by specifying requirements for volatile solids reduction, the oxygen uptake test, chemical addition, dry solids concentration, or incorporation. The intent of its 38% volatile solids reduction number, demonstrating a specific oxygen uptake rate (SOUR) at 20°C of 1.5 mg oxygen/hr/g total sewage sludge solids, and aerobically treating sludge for at least 14 d at > 40°C with an average temperature of > 45°C are to indicate removal of all putrescible (biodegradable) organic material from sludge so that it will no longer be attractive to vectors, be odorous, and cause public concerns. Not surprisingly these test values are not optimal. Adjustments are needed. For example we know that biological digestion processes can as a function of the sludge being digested achieve volatile solids reductions from 20 to 70% or higher. Thus what is needed in place of the 38% value is a formula into which the parameters for a specific sludge are inserted. The SOUR number now can only be used within a narrow temperature range and with a relatively low solids concentration. These conditions need to be expanded and further we need to address the situation of thermophilically digested sludges. Better tests are already available for composted materials such as measuring the evolution of CO2 and need to be considered. Some work is underway in our laboratory to investigate the usefulness of alternative vector attraction reduction measures such as measuring bacterial enzymatic activity and peak oxygen uptake rate.
